1. The inhibition of the oxidase activity of caeruloplasmin by azide was investigated at 250 and 7.5°. 2. The inhibition is reversible on dilution or Sephadex treatment, indicating a caeruloplasmin-azide complex. 3. The enzyme is protected against azide inhibition by chloride, acetate or EDTA, the last-named acting not by chelation but by a non-specific effect similar to that ofacetate. 4. Lineweaver-Burk plots with different concentrations of azide are parallel. This may occur either when the enzyme-substrate complex or when a subsequent intermediate structure of the enzyme forms the inhibited complex. 5. At 7.50 inhibition may be shown not to occur until after the initial reaction of enzyme with substrate. 6. At 7.50, the inhibition is of the mutual-depletion type, inhibitory concentrations of azide being comparable with the concentration of caeruloplasmin. It is shown that the binding of a single azide group completely inhibits a caeruloplasmin molecule. 7. An arrangement of the four valence-changing copper atoms of caeruloplasmin is proposed in which they are so close together in the cuprous form that reoxidation may occur by the simultaneous transfer of four electrons from the copper atoms to a single oxygen molecule.
Caeruloplasmin, the blue copper-containing protein of plasma, has weak oxidase activity against a variety of polyphenols and aromatic polyamines. The investigation of the oxidase properties can lead to information on the binding of the copper atoms as they are an essential part of the active centre (Morell & Scheinberg, 1958) , and the specific nature of their binding is related to oxidase activity (Broman, Malmstr6m, Aasa & VAnngard, 1962) . In the present paper a study of the inhibition of the oxidase activity of caeruloplasmin by azide is described. The inhibitionhas two notable characteristics. First, concentrations of azide necessary for inhibition are comparable with concentrations of caeruloplasmin and thus a mutual-depletion system occurs (Webb, 1963) . Secondly, parallel Lineweaver-Burk plots are obtained.
Caeruloplasmin has eight copper atoms/molecule, of which four are permanently in the cuprous state and four are in the cupric state in the resting enzyme (Broman et al. 1962) but are reduced to cuprous copper when the enzyme acts on substrate (Broman, Malmstr6m, Aasa & VAnngard, 1963 ). The cuprous atoms are then reoxidized to the cupric form by molecular oxygen according to the formal equation:
Cu++ 102 + H+ -Cu2++ jH20
It has been found that azide inhibition is explicable in terms of a caeruloplasmin structure in which the four valence-changing copper atoms are close together when in the cuprous state and are simultaneously reoxidized by an oxygen molecule. A preliminary report on part of this work has appeared (Curzon, 1965a Broman et al. (1963) and Morell, 1957; Curzon & Vallet, 1960; Deutsch, Kasper & Walsh, 1962 NN-Dimethyl-p-phenylenediamine sulphate. This compound was obtained from Kodak Ltd. and purified by dissolving it in methanol containing a little 5% SO2, removing the insoluble residue byffltration and precipitating the compound with ether. Alternatively, the hydrochloride of the base was dissolved in water, made alkaline and the free base extracted by ether, crystallized twice, converted into a 0-1 m solution of the sulphate by addition of the calculated amount of dil. H2SO4 and stored at -25°.
Sodium azide. This was recrystallized from water, washed with ethanol and ether and air-dried. The purity according to the method of Fiegl & Chargaff (1928) was 99-100%. Solutions were made up freshly as required.
METHODS
Copper determination. The method of Rice (1960) was used.
Caeruloplasmin oxidase-activity determination. NNDimethyl-p-phenylenediamine was oxidized by caeruloplasmin and E550 of the red reaction product measured. Except where stated otherwise all determinations were done in the presence of EDTA to avoid difficulties of interpretation due to the enhancement of oxidase activity by trace amounts of iron (Curzon & O'Reilly, 1960; Curzon, 1961; . In general, the following method was used for the determination of oxidase activity at 250. A 1-Oml. sample of 25mm-acetate buffer, pH5-5, containing EDTA (10tum) was pipetted into a standard 1 cm. cell held at 250 in a Unicam SP. 500 constant-temperature cell housing. Then 0-5 ml. of either water or a sodium azide solution was added and also 0-5ml. of NN-dimethyl-p-phenylenediamine dihydrochloride solution previously brought to pH5-5 withlOmN-NaOH. After temperature equilibration 0-5ml. of a caeruloplasmin solution in 0-M-NaCl diluted with water and held at 250 was added. The E550 was measured against a blank at 1 min. intervals for lOmin. and activity expressed as Et,0-/min.
The following modifications were necessary when determining activity at 7.5°. As the dilution of the stock caeruloplasmin solution used was much less at 7.50 than at 250, stock caeruloplasmin solution was dialysed against 0-O1M-NaCl instead of 0-1m-NaCl, so that the final chloride concentration was not high enough to inhibit the oxidase activity. If the hydrochloride of the substrate had been used, as at 250 ,the chloride so introduced would have caused significant inhibition (Table 1) . Therefore NN-dimethyl-pphenylenediamine sulphate was used, sulphate previously having been found under different conditions to affect caeruloplasmin activity much less than chloride . This was confirmed at 7.50 (Table 1 ). All determinations at 7-50 were made with -Oml. of 25mM-acetate buffer, pH5-5, containing EDTA (35,m). The concentration of EDTA used in experiments at 7.50 was greater than in the experiments at 250 to form complexes of the greater amounts of contaminant metal introduced with the higher substrate concentrations. E550 was measured at 30sec. or 1 min. intervals with a Unicam SP. 500 spectrophotometer, except for the experiment indicated in Fig. 5 in which an SP. 800 spectrophotometer was used with continuous recording. Fig. 2 ). Each incubation mixture was then immediately diluted fivefold with the acetate-EDTA buffer, and 1-Oml. taken for the determination of oxidase activity and added to an azide-free incubation mixture so that the azide concentration was 2 4zM and the substrate concentration was almost identical with that in the initial experiment. The buffer concentration was 29mM, which, though higher than that in the first incubation mixture, only decreased the azide inhibition by 2-3% (Fig. 1) . After incubation for 30min. to obtain an accurately measurable amount of product only 35% inhibition was found. This was identical with the inhibition obtained in the presence of 2 ,tM-azide. The presence of some product formed during the initial incubation would not be expected to affect activity (G. Curzon, unpublished work) . Hence the inhibition of caeruloplasmin by azide is reversible by dilution. Vol. 100 G. CURZON when azide inhibits caeruloplasmin it is bound to the protein, presumably via its copper atoms.
Effect of ionic environment on the inhibition of caeruloplamin by azide at 250. The effect of altering the ionic environment on the inhibition of caeruloplasmin by azide was studied. Fig. 1 shows the effects on inhibition by 4juM-azide of the variation of acetate buffer, EDTA and chloride concentrations. Inhibition decreased as the concentrations of the above substances were increased. When the concentrations ofacetate and EDTA were expressed as total ionized carboxyl all the points obtained by varying either lay on the same curve. This indicates that EDTA influences azide inhibition by a nonspecific effect similar to that ofacetate rather thanby chelation. At the lowest buffer concentration used azide inhibition was only slightly greater in the absence of EDTA than in the presence of 4,am-EDTA. In subsequent experiments the incubation mixture contained 10mM-acetate buffer and 4,wM-EDTA, these being the lowest concentrations for adequate buffering and chelation of contaminant traces of metal. The effect of raising chloride concentration was to decrease azide inhibition to a greater extent than the same concentration of carboxyl ion.
Effect of time on the inhibition of caerulopla8min by azide at 250. Fig. 2 shows that inhibition by azide does not occur instantaneously but that it is necessary for about 30 sec.-1 min. to elapse before it commences. This time lag was observed consistently.
Kinetics of inhibition at 25°. The effect of varying the concentration of azide on activity at various substrate concentrations was determined and expressed in the Lineweaver-Burk form (Fig. 3) . Parallel Lineweaver-Burk graphs were obtained. Parallel Lineweaver-Burk graphs have previously been shown for the inhibition of caeruloplasmin by acetate or chloride . A 50% inhibition (after extrapolation to infinite substrate concentration) occurs with 3,uM-azide and 0*38juM-caeruloplasmin.
Effect of time on the oxidation of NN-dimethyl-pphenylenediamine by caeruloplakmin at 7.5°. At 250 the formation of the red oxidation product of NNdimethyl-p-phenylenediamine in the absence of azide is linear with respect to time after a lag period of less than 1 min. However, at 7.5 a well-defined biphasic effect occurs (Fig. 4) , an initial very rapid colour formation being followed by a slower linear increase of colour with time. The amount of product formed in the initial period may be determined by extrapolating the linear part of the graph back to zero time. The initial colour increased linearly with caeruloplasmin concentration and also increased as the substrate concentration was increased.
Effect of time on azide inhibition at 7.5°. Fig. 6 shows Lineweaver-Burk plots for inhibition at 7 5°. Inhibition has been calculated by using the linear portions of activity-time graphs.
The graphs are approximately parallel, as at 25°. Determination of the number of azide inhibition 8ites on each caeruloplawmin molecule. Fig. 4 shows that at 7.5 inhibition occurs at an azide concentration comparable with that of caeruloplasmin itself. Therefore a significant fraction of the azide present must be bound to the enzyme and mutual-depletion l I I I kinetics (Webb, 1963) By application of the graphical method of Easson & Stedman (1936) (Fig. 7) a single inhibitorbinding site/mol. can also be shown. Ebersole et al. 1944) and by Friedenwald & Maengwyn-Davies (1954) as indicating the combination of the inhibitor with the enzyme-substrate complex but not with the free enzyme. Parallel graphs may also be obtained if the inhibitor reacts with an intermediate form of the enzyme formed after the enzyme-substrate complex. Dixon & Webb (1964) have suggested an explanation of parallelism in terms of a special case of BriggsHaldane kinetics in which the velocity constant for the formation of products is much larger than that for dissociation of the enzyme-substrate complex. In these circumstances a non-competitive inhibitor causes proportional changes in velocity and in Ki, and thus Lineweaver-Burk graphs are parallel. In the inhibition of caeruloplasmin oxidase activity by azide the initial step of product formation is unaffected by azide. Hence it seems likely that the parallel Lineweaver-Burk graphs here are not due to the mechanism of Dixon & Webb (1964) and that the enzyme-substrate reaction proceeds at least to enzyme-product formation before the inhibited complex is formed. It was previously found that parallel Lineweaver-Burk graphs were obtained when caeruloplasmin was inhibited by chloride and it was suggested that the Cl-ion was attached to the copper of the caeruloplasmin molecule. As azide is a classical complex-forming agent for metals and as inhibition occurs at an azide concentration so low that other effects are unlikely, it is very probable that azide is bound to the caeruloplasmin copper. Now four of the eight caeruloplasmin copper atoms are available for exchange with 64Cu in the presence of substrate (Scheinberg & Morell, 1957) , these being probably the four copper atoms that become accessible on reduction to the cuprous state. It is suggested that these valence-changing copper atoms are also made accessible or bind strongly to azide after reduction by substrate.
Mutual-depletion kinetics, which have been shown for azide inhibition at 7.50, may in principle be demonstrated for any enzyme inhibition but in almost all cases the necessary enzyme concentration is so high that this is not technically possible. Most reported examples of mutual-depletion inhibition, such as that occurring with certain cholinesterase inhibitors, have involved substances with a very high enzyme affinity so that a conveniently low enzyme concentration could be used.
Caeruloplasmin is a relatively easy enzyme with which to show mutual-depletion inhibition as its low substrate turnover (Broman, 1964; 300 1966 Levine, 1965) enables kinetic study at high enzyme concentration. Thus the exhibition by caeruloplasmin of parallel Lineweaver-Burk plots and mutual-depletion inhibition may be related to two properties of caeruloplasmin, namely the availability of some of its copper atoms in the presence of substrate and the low rate of substrate turnover.
The finding that only one azide group is needed to completely inhibit a caeruloplasmin molecule is significant if the assumption is made that all the azide present is available to enzymically active caeruloplasmin molecules and vice versa. Though the pK of hydrazoic acid is about 4-8 and thus at pH5-5 azide is only partially dissociated, this has no effect on its eventual availability for formation of the inhibited complex since azide inhibition was unaffected by changing the pH from 5-2 to 6-0 (Holmberg & Laurell, 1951) . Also, azide is not likely to be made unavailable to caeruloplasmin by binding with extraneous metal, as EDTA, which is present in the system, may be expected to compete successfully with azide for non-caeruloplasmin metal. Conversely, proton-relaxation rate studies show that EDTA is not bound to caeruloplasmin copper (Blumberg, Eisinger, Aisen, Morell & Scheinberg, 1963) , the partial apparent inhibition of caeruloplasmin by EDTA being caused by chelation not of copper but of activating contaminant iron (Curzon, 1961; . Further, it is unlikely that any of the copper present is derived from denatured caeruloplasmin molecules as this would have been removed by treatment with chelating resin. Therefore the experimental findings strongly indicate that one azide group completely inhibits a caeruloplasmin molecule by binding with valence-changing copper. This provides evidence for a structure of caeruloplasmin in which the four valence-changing copper atoms are close together so that binding of one azide group could affect all four copper atoms. Mason (1957) has discussed the mechanism of regeneration of the oxidized form of four-electrontransfer copper oxidases by the reduction of molecular oxygen. The unlikelihood of the separate reoxidation of the cuprous atoms was pointed out as this would lead to the formation of active free radicals from the oxygen. These would attack the system at random, thereby being ineffectively utilized and possibly attacking enzyme molecules. Free radicals of oxygen have not been detected during caeruloplasmin action (Broman et al. 1963) . Therefore Broman (1964) and Frieden, Osaki & Kobayashi (1965) have suggested that reoxidation may occur by the simultaneous transfer of four electrons to an oxygen molecule from four cuprous atoms. Fig. 8 indicates that ifthe cuprous atoms are close enough together for simultaneous electron transfer then the binding of an azide group to one 02 A R _ )X Fig. 8 . Proposed arrangement of valence-changing copper atoms of caeruloplasmin when in the cuprous state and about to be oxidized by an oxygen molecule (ionic radius of Cu+ from Pauling, 1945) . The azide ion is shown in plan and elevation (dimensions from Llewellyn & Whitmore, 1947). copper atom (or perhaps bridging two copper atoms) would be able to prevent reoxidation of the whole group. Broman (1966) has pointed out that, though caeruloplasmin is very similar to fungal laccase, the latter enzyme cannot simultaneously transfer four electrons to oxygen by the above mechanism, as of its four copper atoms (Mosbach, 1963) only two are valence-changing (Broman et al. 1962 ). Broman therefore suggests that reduced caeruloplasmin reacts with oxygen in two steps, which implies that the four valence-changing copper atoms are not necessarily as close together as shown in Fig. 8 but are in two pairs. On the other hand, though caeruloplasmin and fungal laccase are similar they are not identical either in spectrum (Mosbach, 1963) or in substrate specificity (Mosbach, 1963; Peisach & Levine, 1965) and have very different substrate turnover rates (Broman, 1964; Peisach & Levine, 1965) . Thus the active centres of the two enzymes are not necessarily identical. However, if Broman's (1966) second hypothesis is correct, the complete inhibition of caeruloplasmin by a single azide group indicates that the two pairs of valence-changing copper atoms are themselves close together.
It is likely that the four permanently cuprous copper atoms of caeruloplasmin also play a part in the electron transfers that occur during its enzyme action and therefore are close to the valencechanging copper atoms, probably being connected to them by ligand bridges (Blumberg et al. 1963) . Thus all eight copper atoms of caeruloplasmin are probably localized in a small area of the protein molecule, there being an active centre able to transfer four electrons. Aisen & Morell (1965) showed that when apocaeruloplasmin was reconstituted by the addition ofsub-optimum amounts of copper, only caeruloplasmin molecules containing 301 Vol. 100 302 G. CURZON 1966 eight copper atoms and unchanged apoprotein were obtained. This is consistent with a single active centre and with all of the cluster of eight copper atoms being necessary for stabilization of the tertiary structure of the protein (Curzon, 1959 (Curzon, , 1965b .
I thank the American National Red Cross for supplies of caeruloplasmin. Part of the work was supported by a grant from the Medical Research Council.
